A one-dimensional micromagnetic model is used to calculate the thermal dependence of microcoercivity (he) produced by the unpinning of a domain wall (DW) from various types of defects in magnetite. Equilibrium solutions are found that minimize the magnetoelastic, anisotropy, exchange, magnetostatic, and external field energies with respect to the wall width (w) and position of the wall relative to the defect. The defect may be a single dislocation, dislocation dipole, planar defect, or planar defect bounded by two parallel dislocations. Wall pinning is produced by (1) microstress fields of dislocations, (2) local changes in exchange and aaisotropy constants within a planar defect region, or (3) a combination of both effects. The calculations, using temperaturedependent parameters, predict the thermal dependence of h c (T) as a function of grain size, domain wall width, defect spacing, and type of defect. Results show that, for grain sizes between 1 and 100 [tm, hc (T) is usually a function of the wall width raised to some power n. The particular value of n is found to be a function of the DW-defect interaction spacing (d/w), type of defect, and grain size. Also, within this size range, the wall width expands with temperature more gradually than classical theory predicts. The microcoercivity results are used with the theory of Xu and Merrill (1990) to predict the thermal dependence of the macroscopic coercivity H, in magnetite. For grains with low defect densities, such as recrystallized magnetites, negative dislocation dipoles with d/w-•O.l-1 produce a thermal dependence of coercivity that agrees with experimental results. In the high defect density limit, a population of positive and negative dislocation dipoles with a distribution of dipole widths produce an t1½ (T) dependence consistent with experimental data from crushed and glass ceramic magnetites.
INTRODUCTION
Within the past few years there have been significant advances in our understanding of domain structure in small multidomain (MD) particles containing just a few domains [e.g., Dunlop, 1990 ]. Much of this new knowledge comes from micromagnetic calculations and domain observations. Yet, one of the fundamental outstanding problems in our understanding of the origin of magnetic stability and thermoremanence (TRM) in MD grains is the effect of stress and crystal defects on magnetic properties. It has long been recognized that crystal defects play an important role in determining hysteresis and susceptibility in MD particles [e.g., Kittel, 1949] . Defects can alter the magnetic domain structure or exert forces on domain walls (DW). For example, crystal defects are thought to be responsible for a variety of magnetic properties in MD particles of magnetite and titanomagnetite including the grain qize dependence of coercivity (H c ), remanence, and initial susceptibility [e.g., Stacey and Wise, 1967; Dunlop, 1986; Heider et al., 1987] ; the temperature dependence of Hc [e.g., Hodych,elevated temperature. To resolve the discrepancy between theory and experiment, Xu and Merrill [ 1992] assumed that the variation of wall width with temperature in •nagnetite is mainly determined by stress and magnetostatic energy instead of magnetocrystalline anisotropy. Using an Amar-type calculation, Xu and Merrill [1990b] show that this assumption results in a gradual expansion of the wall with temperature; hence, H½(T)=X,/Ms. Nevertheless, an exceedingly large magnitude of residual stress was necessary to reconcile theory with observations [Xu and Merrill, 1990b] In this paper, a different approach is used to study the effects of defects on coercivity. We consider a theoretical model of wall pinning by a defect in magnetite within the frmnework of micromagnetism in the spirit of recent domain calculations [e.g., Moon and Merrill, 1984 found solutions that minimize this energy with respect to the wall width and position of the wall relative to the defect. An advantage of this formulation is that the temperature dependence for the wall width is calculated directly. By necessity, the present model, like former ones dealing with defects, is one dhnensional and assrunes a particular magnetization distribution a priori. A complete threedimensional solution is not yet possible. Hilzinger[1977] and Aharoni [ 1985] have formulated micromagnetic models to describe the pinning of a wall at a planar defect. Our model follows closely the formulation of Aharoni | 1985] but is extended to model different types of defects and to predict how the thertnal dependence of coercivity varies with the type of defect. It is assumed that the DW and defect are infinitely extended and parallel to each other. The defect may be a single dislocation (d=0), two dislocations (dislocation dipole), a planar defect, or a planar defect bounded by two dislocations. A planar defect is characterized by a local variation in exchange coupling and crystalline anisotropy within the defect. Although details of this local perturbation are not known, it is approximated by an exchange (A') and anisotropy (K') constant that are different within the defect region (0<x<d) than in the rest of the plate (x<0 and x>d) [Aharoni, 1985] .
MICROMAGNETIC

Total Wall Energy
The total free energy of a domain wall E, interacting with a dislocation, dislocation dipole, or planar defect, is the sum of several energy terms = [ + L where x o is the position of the center of the wall, E• is the magnetoelastic interaction energy with a particular type of defect, E,. is the anisotropy energy, E, is the exchange energy, E,• is the magnetostatic energy, and E• is the external field energy. The total energy is a function of two variables, the position of the DW In the wall-coordinate system shown in Figure 1 , the DW magnetic structure is described by the direction cosines, %'s, given by where C(x) is given in (8). If Ku'=K,, the anisotropy energy is independent of the wall position and will not contribute to wall pinning.
Exchange Energy
In the framework of •nicromagneiism, the exchange interactions are treated in a classical fashion by allowing neighboring spins to vary in a continuous fashion with position [Kittel, 1949] . Under this assumption, using (2) and transforming to wall coordinates the exchange energy per unit wall area is given by
where A is the exchange constant. where Ms is the saturation magnetization and Po is the perlneability of free space. For one wall, (17) shows that Em is independent of wall position but is a function of the wall width and plate thickness. For more than one wall, the magnetostatic energy of the domains as well as the walls must be determined and no longer has a simple analytic solution. Note that when D becomes very large, E,,, approaches zero.
External Field Energy
An external field 14o applied along the easy direction will move the wall along the positive x direction. If the wall is moved a small distance by H o, the external field energy per unit wall area [Aharoni, 1985] is -2oHoMxo
Equation (18) was derived under the assumption that the wall is far away from any crystal surface or any other wall.
Energy Minimization Procedure
For a wall interacting with a defect, the total free energy Et of the wall is given by the stun of (10), (13), (15), (17), and (18). E t is a function of two independent variables, wall position Xo and wall width w, and several model parameters including material constants, te•nperature, and external field. An equilibrium configuration is determined by equating the partial derivatives of E with respect to x o and w to zero (19) Equation (19) gives a relationship between Xo, w, and Ho and is a set of two nonlinear equations in two unknowns that can be easily solved because all the functional forms have analytical solutions [Aharoni, 1985] . The complete form of (19) is given in the appendix. The nonlinear equations (19) are solved numerically using a variable metric algorithm [Press et al., 1988] , which finds a stable solution by requiting the second-derivative matrix to be positive definite.
To calculate h c, solutions to (19) are obtained for a given value of Ho. This process is continued as H o is increased. The solutions for x o increase with increasing Ho until sotne value 14,,• is reached, at which point there are no longer any stable minimum solutions to (19). Therefore, when Ho=Hm•, the wall breaks away from the defect and jumps to infinity along the positive x direction [Aharoni, 1985] ; the microcoercivity is then defined as hc=H,•.
Microcoercivity was determined as a function of temperature, plate thickJless (i.e., grain size), defect width, and type of defect. Table 1. does not take into account any direct influence of the dislocation stress field on the wall structure. Only the absolute magnitude of w varies slightly with these model conditions. The contrasting behavior produced by positive and negative dipoles is related to the different stress distributions of the two types of dipoles. For negative dipoles, stress is a maximran between the dislocations (0<x<d) and zero outside (x<0, x>d). As the wall width increases relative to the width of the dipole, the stress field of the negative dipole becomes less effective at pinning the DW. Hence, one would predict he (T) to vary inversely with w(T) over a limited range of d/%. For positive dipoles, the stress distribution is the opposite of that for a negative dipole. Stress is zero between the dislocations of a positive dipole and a tnaximum outside the dipole. As the width of the DW increases, the DW will increasingly interact with more of the stress field outside the dipole. Therefore, one would predict h c (T) to vary positively with w(T) over a limited range of dA%. For large MD grains (D>100 vector separated by a stacking fault [e.g., Hull, 1975 Model calculations can be divided into four cases depending on the sign of the dislocation dipole (-or +) and on the relative strength of the planar defect (strong or weak). The reason for this division according to the relative strength of the planar defect and the sign of the dipole is that the maximum pinning forces for a negative (positive) dipole and a strong (weak) planar defect add constructively but are opposed for a negative (positive) dipole and a weak (strong) planar defect. In so•ne instances, this interplay results in complex behavior of he (T).
RESULTS
Thertnal Dependence of Wall
The temperature dependence of he (T) for a positive dipole bounding a planer defect is shown in Figure 10 
Using (23), He(T) can be calculated frmn the model he(T) results produced by different types of defects. ttowever, it should be remembered that (23) is only a first-order approximation for •nacroscopic coercivity and its application to synthetic or natural samples will be mitigated by such things as grain size distribution effects, transdomain processes, thermal fluctuations, and thermal diffusion of defects. Another basic limitation of this approach is that the theoretical models are one dhnensional whereas macroscopic coercivity may involve mechanisms that are inherently three dimensional. With these caveats in mind, in the next two sections, we compare the micromagnetic calculations to published experimental He (T) data for sinall MD magnetite grains (<D>--I-20 gin) with low and high defect densities.
Low Defect Density
The low defect density (LDD) approximation was derived by assuming an assemblage of two-domain grains with one identical defect per grain [Xu and Merrill, 1990a] . He(T) calculated using the LDD approximation and the model results for a single dislocation (curve 2), negative dipole (curves 3 and 4), positive dipole (curves 1 and 2), planar defect (curves 5 and 6), and two parallel dislocations bounding a stacking fault (curve 2) is shown in Figure  13 Using the new magnetostriction data, the present results suggest that wall pinning in small MD recrystallized magnetite grains is due to a few negative dislocation dipoles instead of noninteracting single dislocations. This is a subtle distinction, but some indirect evidence to support this interpretation is provided by Smith and Merrill [1983] . Oil the basis of domain wall resonance experiments, they suggested that the likeliest pinning sims in some natural magnetites may be dislocation dipoles, or some other dislocation array, rather than isolated single dislocations. [Hodych, 1982; Xu and Merrill, 1992] .
To predict the macroscopic coercivity of such samples under the HDD approximation, the mean microcoercivity must be calculated (see equation (23)). In one case, <he> for a large number of randomly distributed identical defects, for example, dislocation dipoles all with the same value of d/w o, can be calculated from (24) and the results in Table 2 All planar models produce a more rapid decrease in he with temperature than dislocation models.
5. The thermal dependence of h c produced by a planar defect bounded by a positive dislocation dipole and d/w0=0.1 is approximately the same as the dislocation dipole alone until the relative strength of the planar defect exceeds 20%. For this defect geometry, the magnetoelastic effects of the dislocations are much greater than the pinning effects of the planar defect.
6. The thermal dependence of h c produced by a planar defect bounded by a negative dislocation dipole and d/w0=0.1 is more complex than the defect geometry discussed in conclusion 5 because of the competing effects of the dislocations and planar defect. The effect of the planar defect becomes important after only a 5% change in its relative strength. For strong planar defects, hc (T) behavior transforms gradually from dislocation dipole pinning to planar defect pinning as the relative strength of the defect increases. For weak planar defects, complex he (T) behavior is predicted. 
